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Prompt photons in the H1 detector
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Scaled Energy Distributions

Motivation

• Test quark fragmentation universality and factorisation                           
by comparison with

• pQCD : Study scaling violations due to parton splitting                    
like in structure functions

• Test fragmentation and hadronisation models                             
(colour dipole model, parton showers, strings and clusters)
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 current hemisphere in Breit frame    

Compare  ep                         e
+
e
−with

half sphere

QPM

QPM    e.g. Boson Gluon Fusion (BGF)
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remarkable agreement !

xpsmall         :   
rise with      Q,E∗

large         :   
fall with      

xp

Q,E∗

supports fragmentation universality
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discrepancy at 
large Q, small
(not understood)

xp

  but what level
of agreement 
to expect ?

more detailed look

CMS < > Breit  ?

E* < > Q  ?

vs.          in comparison to e+
e
−

1/N dn±/dxp Q,E∗

e
+
e
−

ep
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Figure 2: H1 data for the event normalised inclusive scaled momentum spectrum as a function

of Q for 9 different xp regions, The statistical error is shown by the inner error bar and full
statistical and sytematic error by the full error bar, in additioan tere is a further scale uncertainty

of 3% (5% in the lowest Q interval). Also shown are predictions from different models of the

hadronisation process implemented in Leading order matrix element Monte-Carlo programs as

described in the text and the partoncascade process
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Comparison with Models

HERWIG (cluster fragmentation)
too hard

DJANGOH (Colour Dipole Model)

RAPGAP (Parton Showers, 
string fragmentation)

LEPTO (parton showers,
 soft colour interactions)

reasonable descriptions
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Figure 3: H1 data for the event normalised inclusive scaled momentum spectrum as a function
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Comparison with NLO QCD, CYCLOPS (D. Graudenz)
                                                                       + fragmentation

 functions
(Kretzer)

large uncertainty related to fragmentation functions

(Kniehl, Kramer, Pötter)
hep-ph/0010289

(Albino, Kniehl, Kramer)
hep-ph/0502188, 0510173

hep-ph/0003177

leads to best 
          description
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Scaling Violation 
inclusive NC

xp = Ph/(Q/2) x = Q2/(2pq)

Scaling violations
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of general interest, because

•   more directly related to partonic interactions than jets                                          

•   sensitive to gluon content of proton (and resolved photon)

•   important background for searches at LHC (e.g. Higgs           )

•   they help in nuclear interactions to disentangle different effect

needs careful subtraction of π
0
, η...

and/or sophisticated shower shape analyses 

drawbacks :

π
0
, η...

small cross sections

background from neutral hadrons (              )                                     

(initial/final states,  QGP,  hadron gas, ...), as not strongly interacting 

→ γγ

p⊥ (GeV) 1/σ dσ/dp⊥(GeV−1), xLO
γ < 0.85

0 − 2 0.216 ±0.030± 0.015

2 − 4 0.117 ±0.022± 0.011

4 − 6 0.124 ±0.019± 0.011

6 − 8 0.0225±0.0081± 0.0077

p⊥ (GeV) 1/σ dσ/dp⊥(GeV−1), xLO
γ > 0.85

0 − 2 0.420 ±0.033± 0.024

2 − 4 0.061 ±0.017± 0.014

4 − 6 0.0054±0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLO
γ < 0.85 and xLO

γ > 0.85with
5< Eγ

T < 10GeV, −1< ηγ < 0.9, Ejet
T > 4.5GeV and −1< ηjet < 2.3with√s = 319GeV

and 0.2< y < 0.7. The first error is statistical, the second systematic.
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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hh γp

important to understand  hopefully clean cases                 γp , ep

Prompt Photons
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Usually photons are called prompt (direct) if coupling to interacting partons 

in contrast to photons from hadron decays or radiation from leptons 
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Measurements of the production of high transverse momentum direct photons by a 515 GeV/c π−

beam and 530 and 800 GeV/c proton beams in interactions with beryllium and hydrogen targets are
presented. The data span the kinematic ranges of 3.5 < pT < 12 GeV/c in transverse momentum and
1.5 units in rapidity. The inclusive direct-photon cross sections are compared with next-to-leading-
order perturbative QCD calculations and expectations based on a phenomenological parton-kT

model.

PACS numbers: 13.85.Qk, 12.38.Qk

I. INTRODUCTION

Inclusive single-particle production at large transverse
momentum (pT ) has been useful in the development of
perturbative quantum chromodynamics (PQCD) [1–4].
Quantitative comparisons with data have yielded infor-
mation on the validity of the PQCD description, and on
parton distribution functions of hadrons (PDF) and the
fragmentation functions of partons. This paper reports
precision measurements of the production of direct pho-
tons with large pT .

At leading order, only two processes contribute to the
direct-photon cross section, namely, qq̄ annihilation and

q

q
_

!

g

q

g

!

q

Annihilation Compton Scattering

FIG. 1: Leading-order diagrams for direct-photon production.

∗Deceased

quark–gluon Compton scattering (Fig. 1). The pho-
ton’s momentum reflects the collision kinematics since
such photons are produced at the elementary interaction
vertex. This contrasts with jet production, where the
hadronization process obscures the measurement of en-
ergy and direction of the outgoing parton. A complete
theoretical description of the direct-photon process is of
special importance as it has long been expected to facili-
tate the extraction of the gluon distribution of the proton.
The quark–gluon Compton scattering process shown in
Fig. 1 provides a major contribution to inclusive direct-
photon production. The gluon distribution is relatively
well constrained by deep-inelastic and Drell-Yan data for
momentum fractions x < 0.1, but less so at larger x [5].
Fixed-target direct-photon data were incorporated into
several previous global parton-distribution analyses [6–8]
to constrain the gluon distribution at large x, but more
recent global PDF analyses have not included such pho-
ton data; this point is revisited in the concluding section
of this work.

II. APPARATUS

A. Meson West spectrometer

Fermilab E706 is a fixed-target experiment designed
to measure the production of direct photons, neutral
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We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.

The production of jets, or say large p
T

hadrons, appears to be a promising tool to study

the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
The spectacular attenuation of large p

T
π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.
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Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.
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We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.

The production of jets, or say large p
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hadrons, appears to be a promising tool to study

the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
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π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.

A

A

...

A

A

Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ < 0.85

0 − 2 0.216 ± 0.030± 0.015

2 − 4 0.117 ± 0.022± 0.011

4 − 6 0.124 ± 0.019± 0.011

6 − 8 0.0225 ± 0.0081± 0.0077

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ > 0.85

0 − 2 0.420 ± 0.033± 0.024

2 − 4 0.061 ± 0.017± 0.014

4 − 6 0.0054 ± 0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLOγ < 0.85 and xLOγ > 0.85with

5 < E
γ
T < 10GeV, −1 < ηγ < 0.9, E

j et
T > 4.5GeV and −1 < ηj et < 2.3with

√
s = 319GeV

and 0.2 < y < 0.7. The first error is statistical, the second systematic.

q

!

ee
!

e

!

q

g
p

e

p p

e

p

q

q

!

q

qq

!

e e

e

!

g

q

e

c) d)

b)a)

Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).

15

signal of hard interactions



lowx2006                                                                                                                                                                                              J. Gayler          11

q

!

ee
!

e

!

q

g
p

e

p p

e

p

q

q

!

q

qq

!

e e

e

!

g

q

e

c) d)

b)a)

q

!

ee
!

e

!

q

g
p

e

p p

e

p

q

q

!

q

qq

!

e e

e

!

g

q

e

c) d)

b)a)
q

!

ee
!

e

!

q

g
p

e

p p

e

p

q

q

!

q

qq

!

e e

e

!

g

q

e

c) d)

b)a)

lowx2006                                                                                                                                                                                              J. Gayler          15

q

γ

l

γ

l

p
q

γ

l l

p

q
γq

q

γ

l l

p
q

γ

q

γ

l l

p
q

γ

Figure 1: Leading order Feynman amplitudes for hard photon production in DIS. The QQ-contribution
is obtained by squaring the sum of the upper two amplitudes, the LL-contribution from the square of
the lower two amplitudes, and QL-contribution from their interference.

2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.
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Figure 2: Leading order Feynman amplitude for the quark-to-photon fragmentation process in deep
inelastic scattering.

factorisation of the phase space and the matrix element, the collinear contribution yields a universal
collinear factor multiplied by the hard 2 → 2 cross section (σ̂eq→eq). This divergent collinear factor is
calculated analytically and absorbed into the quark-to photon fragmentation function as we will discuss in
section 2.3. Once this divergent part is factorised, the remaining two-parton process eq → eq is evaluated
numerically and this collinear contribution yields always a γ + (0 + 1)-jet final state. In obtaining the
collinear factor, terms of order O(ymin) have been neglected so that to obtain reliable results, ymin is
chosen to be small enough. For our numerical results below, we shall use ymin = 10−7.

The finite contribution, where the quark and the photon are theoretically separated is a three-parton
process and is evaluated numerically for the three-parton phase space restricted by yqγ > ymin. The
jet algorithm is then applied to retain only γ + (0 + 1) jet final states. The ymin-dependence in the
finite and collinear contributions cancels numerically when those are added together, such that the total
γ + (0 + 1)-jet cross section is independent of this slicing parameter ymin. This independence yields an
important check on the correctness of our calculation.

2.3 Fragmentation contributions

In addition to the production of hard photons in the final state, photons can also be produced through the
fragmentation of a hadronic quark jet into a single photon carrying a large fraction z of the jet energy [1].
This fragmentation process is described in terms of the quark-to-photon fragmentation function, Dq→γ ,
which is convoluted with the cross section for the electron-quark scattering process

l(p1) + q(p2) → l(p4) + q(p35) ,

such that the final state photon and quark momenta are given by p3 = zp35 and p5 = (1 − z)p35.
The fragmentation contribution to the γ +(0+1)-jet cross section associated with this fragmentation

process is displayed in Figure 2. It takes formally the following factorised form,∫
dPS2 |M |2lq→lqDq→γ(z)J (2)

γ+(0+1)(p35, pr)Θ(p3, p4) . (2.2)

Here J (2)
γ+(0+1), the jet function defining how to obtain γ + (0 + 1) jets out of one parton and the proton

remnant, is simply Θ(z > zcut), and thus independent of the jet recombination procedure.
Like the hard photon contribution related to the parton process lq → lqγ, this fragmentation con-

tribution is of order α3: The process eq → eq is of order α2 while the quark-to-photon fragmentation
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2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.
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Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
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Figure 2: Leading order Feynman amplitude for the quark-to-photon fragmentation process in deep
inelastic scattering.

factorisation of the phase space and the matrix element, the collinear contribution yields a universal
collinear factor multiplied by the hard 2 → 2 cross section (σ̂eq→eq). This divergent collinear factor is
calculated analytically and absorbed into the quark-to photon fragmentation function as we will discuss in
section 2.3. Once this divergent part is factorised, the remaining two-parton process eq → eq is evaluated
numerically and this collinear contribution yields always a γ + (0 + 1)-jet final state. In obtaining the
collinear factor, terms of order O(ymin) have been neglected so that to obtain reliable results, ymin is
chosen to be small enough. For our numerical results below, we shall use ymin = 10−7.

The finite contribution, where the quark and the photon are theoretically separated is a three-parton
process and is evaluated numerically for the three-parton phase space restricted by yqγ > ymin. The
jet algorithm is then applied to retain only γ + (0 + 1) jet final states. The ymin-dependence in the
finite and collinear contributions cancels numerically when those are added together, such that the total
γ + (0 + 1)-jet cross section is independent of this slicing parameter ymin. This independence yields an
important check on the correctness of our calculation.

2.3 Fragmentation contributions

In addition to the production of hard photons in the final state, photons can also be produced through the
fragmentation of a hadronic quark jet into a single photon carrying a large fraction z of the jet energy [1].
This fragmentation process is described in terms of the quark-to-photon fragmentation function, Dq→γ ,
which is convoluted with the cross section for the electron-quark scattering process

l(p1) + q(p2) → l(p4) + q(p35) ,

such that the final state photon and quark momenta are given by p3 = zp35 and p5 = (1 − z)p35.
The fragmentation contribution to the γ +(0+1)-jet cross section associated with this fragmentation

process is displayed in Figure 2. It takes formally the following factorised form,∫
dPS2 |M |2lq→lqDq→γ(z)J (2)

γ+(0+1)(p35, pr)Θ(p3, p4) . (2.2)

Here J (2)
γ+(0+1), the jet function defining how to obtain γ + (0 + 1) jets out of one parton and the proton

remnant, is simply Θ(z > zcut), and thus independent of the jet recombination procedure.
Like the hard photon contribution related to the parton process lq → lqγ, this fragmentation con-

tribution is of order α3: The process eq → eq is of order α2 while the quark-to-photon fragmentation
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Figure 1: Leading order Feynman amplitudes for hard photon production in DIS. The QQ-contribution
is obtained by squaring the sum of the upper two amplitudes, the LL-contribution from the square of
the lower two amplitudes, and QL-contribution from their interference.

2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.
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three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.

4

q

γ

l

γ

l

p
q

γ

l l

p

q
γq

q

γ

l l

p
q

γ

q

γ

l l

p
q

γ

Figure 1: Leading order Feynman amplitudes for hard photon production in DIS. The QQ-contribution
is obtained by squaring the sum of the upper two amplitudes, the LL-contribution from the square of
the lower two amplitudes, and QL-contribution from their interference.

2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.

4

q

γ

l

γ

l

p
q

γ

l l

p

q
γq

q

γ

l l

p
q

γ

q

γ

l l

p
q

γ

Figure 1: Leading order Feynman amplitudes for hard photon production in DIS. The QQ-contribution
is obtained by squaring the sum of the upper two amplitudes, the LL-contribution from the square of
the lower two amplitudes, and QL-contribution from their interference.

2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
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Figure 2: Leading order Feynman amplitude for the quark-to-photon fragmentation process in deep
inelastic scattering.

factorisation of the phase space and the matrix element, the collinear contribution yields a universal
collinear factor multiplied by the hard 2 → 2 cross section (σ̂eq→eq). This divergent collinear factor is
calculated analytically and absorbed into the quark-to photon fragmentation function as we will discuss in
section 2.3. Once this divergent part is factorised, the remaining two-parton process eq → eq is evaluated
numerically and this collinear contribution yields always a γ + (0 + 1)-jet final state. In obtaining the
collinear factor, terms of order O(ymin) have been neglected so that to obtain reliable results, ymin is
chosen to be small enough. For our numerical results below, we shall use ymin = 10−7.

The finite contribution, where the quark and the photon are theoretically separated is a three-parton
process and is evaluated numerically for the three-parton phase space restricted by yqγ > ymin. The
jet algorithm is then applied to retain only γ + (0 + 1) jet final states. The ymin-dependence in the
finite and collinear contributions cancels numerically when those are added together, such that the total
γ + (0 + 1)-jet cross section is independent of this slicing parameter ymin. This independence yields an
important check on the correctness of our calculation.

2.3 Fragmentation contributions

In addition to the production of hard photons in the final state, photons can also be produced through the
fragmentation of a hadronic quark jet into a single photon carrying a large fraction z of the jet energy [1].
This fragmentation process is described in terms of the quark-to-photon fragmentation function, Dq→γ ,
which is convoluted with the cross section for the electron-quark scattering process

l(p1) + q(p2) → l(p4) + q(p35) ,

such that the final state photon and quark momenta are given by p3 = zp35 and p5 = (1 − z)p35.
The fragmentation contribution to the γ +(0+1)-jet cross section associated with this fragmentation

process is displayed in Figure 2. It takes formally the following factorised form,∫
dPS2 |M |2lq→lqDq→γ(z)J (2)

γ+(0+1)(p35, pr)Θ(p3, p4) . (2.2)

Here J (2)
γ+(0+1), the jet function defining how to obtain γ + (0 + 1) jets out of one parton and the proton

remnant, is simply Θ(z > zcut), and thus independent of the jet recombination procedure.
Like the hard photon contribution related to the parton process lq → lqγ, this fragmentation con-

tribution is of order α3: The process eq → eq is of order α2 while the quark-to-photon fragmentation
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Figure 1: Leading order Feynman amplitudes for hard photon production in DIS. The QQ-contribution
is obtained by squaring the sum of the upper two amplitudes, the LL-contribution from the square of
the lower two amplitudes, and QL-contribution from their interference.

2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.
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Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
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Figure 2: Leading order Feynman amplitude for the quark-to-photon fragmentation process in deep
inelastic scattering.

factorisation of the phase space and the matrix element, the collinear contribution yields a universal
collinear factor multiplied by the hard 2 → 2 cross section (σ̂eq→eq). This divergent collinear factor is
calculated analytically and absorbed into the quark-to photon fragmentation function as we will discuss in
section 2.3. Once this divergent part is factorised, the remaining two-parton process eq → eq is evaluated
numerically and this collinear contribution yields always a γ + (0 + 1)-jet final state. In obtaining the
collinear factor, terms of order O(ymin) have been neglected so that to obtain reliable results, ymin is
chosen to be small enough. For our numerical results below, we shall use ymin = 10−7.

The finite contribution, where the quark and the photon are theoretically separated is a three-parton
process and is evaluated numerically for the three-parton phase space restricted by yqγ > ymin. The
jet algorithm is then applied to retain only γ + (0 + 1) jet final states. The ymin-dependence in the
finite and collinear contributions cancels numerically when those are added together, such that the total
γ + (0 + 1)-jet cross section is independent of this slicing parameter ymin. This independence yields an
important check on the correctness of our calculation.

2.3 Fragmentation contributions

In addition to the production of hard photons in the final state, photons can also be produced through the
fragmentation of a hadronic quark jet into a single photon carrying a large fraction z of the jet energy [1].
This fragmentation process is described in terms of the quark-to-photon fragmentation function, Dq→γ ,
which is convoluted with the cross section for the electron-quark scattering process

l(p1) + q(p2) → l(p4) + q(p35) ,

such that the final state photon and quark momenta are given by p3 = zp35 and p5 = (1 − z)p35.
The fragmentation contribution to the γ +(0+1)-jet cross section associated with this fragmentation

process is displayed in Figure 2. It takes formally the following factorised form,∫
dPS2 |M |2lq→lqDq→γ(z)J (2)

γ+(0+1)(p35, pr)Θ(p3, p4) . (2.2)

Here J (2)
γ+(0+1), the jet function defining how to obtain γ + (0 + 1) jets out of one parton and the proton

remnant, is simply Θ(z > zcut), and thus independent of the jet recombination procedure.
Like the hard photon contribution related to the parton process lq → lqγ, this fragmentation con-

tribution is of order α3: The process eq → eq is of order α2 while the quark-to-photon fragmentation
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Photon Identification
main challenge : background from neutral hadrons (            ... )π
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Predictions for prompt photons in ep DIS

Gehrmann-De Ridder, Gehrmann, Poulsen (hep-ph/0601073,  /0604030)

(     ) calculation with  lepton radiation (LL), quark radiation (QQ)
 and interference (QL).

QQ includes non perturbative fragmentation function D(            )
 (based on  ALEPH data)

q → γ

α
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Gehrmann-De Ridder, Kramer, Spiesberger (hep-ph/9903377,  /0003082) 
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Figure 1: Leading order Feynman amplitudes for hard photon production in DIS. The QQ-contribution
is obtained by squaring the sum of the upper two amplitudes, the LL-contribution from the square of
the lower two amplitudes, and QL-contribution from their interference.

2.2 Hard photon emission processes

At leading order, O(α3), the cross section for the production of hard photons in DIS is described by the
quark (antiquark) process

l(p1) + q(p2) → γ(p3) + l(p4) + q(p5)

with the particle momenta given in parentheses. l denotes a lepton or anti-lepton, and q a quark or an
anti-quark. The momentum of the incoming quark is a fraction ξ of the proton momentum P , p2 = ξP
and the proton remnant r carries the momentum pr = (1 − ξ)P . The latter hadronises into the remnant
jet independently of the other final state particles. The contribution of this process to the γ + (0 + 1)-jet
cross section is given by the integral over the three-parton final state phase space, weighted by the jet
definition and the cuts: ∫

dPS3 |M |2lq→γlq J (3)
γ+(0+1)(p3, p5, pr)Θ(p3, p4) . (2.1)

Both leptons and quarks emit photons. In the scattering amplitudes for this hard photon production
process, depicted in Figure 1, the lepton-quark interaction is mediated by the exchange of a virtual
photon. The final state photon can be emitted off the lepton or off the quark. Consequently, one finds
three contributions to the cross section, coming from the squared amplitudes for radiation off the quark
(QQ) or the lepton (LL), as well as the interference of these amplitudes (QL). These contributions were
computed originally as part of the QED radiative corrections to DIS [25], where the final state photon
remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
opposite sign to the cross sections with l = e− and l = e+.
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remains unobserved. The QL contribution is odd under charge exchange, such that it contributes with
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Figure 2: Leading order Feynman amplitude for the quark-to-photon fragmentation process in deep
inelastic scattering.

factorisation of the phase space and the matrix element, the collinear contribution yields a universal
collinear factor multiplied by the hard 2 → 2 cross section (σ̂eq→eq). This divergent collinear factor is
calculated analytically and absorbed into the quark-to photon fragmentation function as we will discuss in
section 2.3. Once this divergent part is factorised, the remaining two-parton process eq → eq is evaluated
numerically and this collinear contribution yields always a γ + (0 + 1)-jet final state. In obtaining the
collinear factor, terms of order O(ymin) have been neglected so that to obtain reliable results, ymin is
chosen to be small enough. For our numerical results below, we shall use ymin = 10−7.

The finite contribution, where the quark and the photon are theoretically separated is a three-parton
process and is evaluated numerically for the three-parton phase space restricted by yqγ > ymin. The
jet algorithm is then applied to retain only γ + (0 + 1) jet final states. The ymin-dependence in the
finite and collinear contributions cancels numerically when those are added together, such that the total
γ + (0 + 1)-jet cross section is independent of this slicing parameter ymin. This independence yields an
important check on the correctness of our calculation.

2.3 Fragmentation contributions

In addition to the production of hard photons in the final state, photons can also be produced through the
fragmentation of a hadronic quark jet into a single photon carrying a large fraction z of the jet energy [1].
This fragmentation process is described in terms of the quark-to-photon fragmentation function, Dq→γ ,
which is convoluted with the cross section for the electron-quark scattering process

l(p1) + q(p2) → l(p4) + q(p35) ,

such that the final state photon and quark momenta are given by p3 = zp35 and p5 = (1 − z)p35.
The fragmentation contribution to the γ +(0+1)-jet cross section associated with this fragmentation

process is displayed in Figure 2. It takes formally the following factorised form,∫
dPS2 |M |2lq→lqDq→γ(z)J (2)

γ+(0+1)(p35, pr)Θ(p3, p4) . (2.2)

Here J (2)
γ+(0+1), the jet function defining how to obtain γ + (0 + 1) jets out of one parton and the proton

remnant, is simply Θ(z > zcut), and thus independent of the jet recombination procedure.
Like the hard photon contribution related to the parton process lq → lqγ, this fragmentation con-

tribution is of order α3: The process eq → eq is of order α2 while the quark-to-photon fragmentation
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 Prompt photons in ep DIS 
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Usually photons are called prompt (direct) if coupling to interacting partons 

in contrast to photons from hadron decays or radiation from leptons 
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Measurements of the production of high transverse momentum direct photons by a 515 GeV/c π−

beam and 530 and 800 GeV/c proton beams in interactions with beryllium and hydrogen targets are
presented. The data span the kinematic ranges of 3.5 < pT < 12 GeV/c in transverse momentum and
1.5 units in rapidity. The inclusive direct-photon cross sections are compared with next-to-leading-
order perturbative QCD calculations and expectations based on a phenomenological parton-kT

model.

PACS numbers: 13.85.Qk, 12.38.Qk

I. INTRODUCTION

Inclusive single-particle production at large transverse
momentum (pT ) has been useful in the development of
perturbative quantum chromodynamics (PQCD) [1–4].
Quantitative comparisons with data have yielded infor-
mation on the validity of the PQCD description, and on
parton distribution functions of hadrons (PDF) and the
fragmentation functions of partons. This paper reports
precision measurements of the production of direct pho-
tons with large pT .

At leading order, only two processes contribute to the
direct-photon cross section, namely, qq̄ annihilation and

q

q
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!

g

q

g

!

q

Annihilation Compton Scattering

FIG. 1: Leading-order diagrams for direct-photon production.

∗Deceased

quark–gluon Compton scattering (Fig. 1). The pho-
ton’s momentum reflects the collision kinematics since
such photons are produced at the elementary interaction
vertex. This contrasts with jet production, where the
hadronization process obscures the measurement of en-
ergy and direction of the outgoing parton. A complete
theoretical description of the direct-photon process is of
special importance as it has long been expected to facili-
tate the extraction of the gluon distribution of the proton.
The quark–gluon Compton scattering process shown in
Fig. 1 provides a major contribution to inclusive direct-
photon production. The gluon distribution is relatively
well constrained by deep-inelastic and Drell-Yan data for
momentum fractions x < 0.1, but less so at larger x [5].
Fixed-target direct-photon data were incorporated into
several previous global parton-distribution analyses [6–8]
to constrain the gluon distribution at large x, but more
recent global PDF analyses have not included such pho-
ton data; this point is revisited in the concluding section
of this work.

II. APPARATUS

A. Meson West spectrometer

Fermilab E706 is a fixed-target experiment designed
to measure the production of direct photons, neutral

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ < 0.85

0 − 2 0.216 ± 0.030± 0.015

2 − 4 0.117 ± 0.022± 0.011

4 − 6 0.124 ± 0.019± 0.011

6 − 8 0.0225 ± 0.0081± 0.0077

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ > 0.85

0 − 2 0.420 ± 0.033± 0.024

2 − 4 0.061 ± 0.017± 0.014

4 − 6 0.0054 ± 0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLOγ < 0.85 and xLOγ > 0.85with

5 < E
γ
T < 10GeV, −1 < ηγ < 0.9, E

j et
T > 4.5GeV and −1 < ηj et < 2.3with

√
s = 319GeV

and 0.2 < y < 0.7. The first error is statistical, the second systematic.
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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Prompt photon production in nuclear collisions

François Arleo

Université de Liège, Institut de Physique B5
Sart Tilman, B-4000 Liège 1, Belgium

We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.

The production of jets, or say large p
T

hadrons, appears to be a promising tool to study

the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
The spectacular attenuation of large p

T
π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.

A

A

...

A

A

Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.
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Prompt photon production in nuclear collisions

François Arleo

Université de Liège, Institut de Physique B5
Sart Tilman, B-4000 Liège 1, Belgium

We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.
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the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
The spectacular attenuation of large p
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π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.

A

A

...

A

A

Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.
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Table 3: Normalised cross sections differential in the prompt photon momentum component
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T > 4.5GeV and −1 < ηj et < 2.3with
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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σ(ep → eγX) [pb]

ZEUS 5.64 ± 0.58 (stat.) +0.47
−0.72

(syst.)

Theory 5.39

e+p (318 GeV) 5.48
e+p (300 GeV) 5.32
e−p (318 GeV) 5.14
QQ only 2.87
LL only 2.39
QL only 0.13
Theory using BFG Dq→γ 5.51

TABLE I: Values for the isolated photon cross section in deep
inelastic scattering using the cuts of the ZEUS analysis [5].
The theory prediction is the weighted average of electron and
positron induced cross sections at different energies as ana-
lyzed by the experiment. By default, the ALEPH parame-
terization of the quark-to-photon fragmentation function [13]
is used, with results obtained using the BFG parameteriza-
tion [21] listed for comparison.

terference subprocess µF = max(µF,min,(QLL+QQQ)/2).
This fixed factorization scale is an approximation to more
elaborate procedures to extend the parton model to low
virtualities [24], but sufficient in the present context.

This procedure for the scale setting in the LL and QL
subprocesses is similar to what is done in the related pro-
cess of electroweak gauge boson production in electron-
proton collisions [25]. The major difference to [25] is that
the cross section for isolated photon production in DIS
vanishes for Q2

QQ,LL → 0, while being non-vanishing for
vector boson production. Consequently, in [25] the cal-
culation of deep inelastic gauge boson production had to
be supplemented by photoproduction of gauge bosons at
Q2 = 0, with a proper matching of both contributions at
a low scale. This is not necessary in our case.

For the numerical evaluation of the cross sections, we
use the CTEQ6L leading order parameterization [26] of
parton distributions. Using the ZEUS cuts and the ZEUS
composition of the data sample at different energies and
with electrons and positrons, we obtain a theoretical pre-
diction for the isolated photon cross section in DIS of
5.39 pb, to be compared to the experimental value of
5.64±0.58(stat.)+0.47

−0.72
(syst.). The total cross section is

therefore well reproduced by our calculation.
We also computed the individual contributions to this

cross section, which we list in Table I. It can be seen
that the difference among the different beam energies
and e+/e− induced cross sections is about 6%, thus jus-
tifying their combination into a single data sample. By
decomposing the observed cross section into the QQ, LL
and QL contributions, we find that the QQ contribution
yields only 53% of the cross section, although the exper-
imental cuts were designed to enhance this contribution
relative to the others. Especially, by requiring the final
state lepton and the photon to be found in different parts
of the detector, any small-angle radiation off the lepton
is suppressed, thus leaving only the (kinematically disfa-
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FIG. 1: Rapidity distribution of isolated photons, compared
to ZEUS data.
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FIG. 2: Transverse momentum distribution of isolated pho-
tons, compared to ZEUS data.
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FIG. 3: Dependence of isolated photon cross section on Q2,
as reconstructed from the outgoing electron. Data and the-
ory are normalized to the total number of events, as in the
experimental ZEUS measurement.

vored) large-angle radiation in the LL contribution. The
still substantial magnitude of the LL contribution can be
understood by the larger magnitude of the electric charge
of the lepton compared with the quark. As expected, the
QL contribution is very small. Finally, we observe that
using the BFG (type I) parameterization [21] for Dq→γ(z)
instead of the ALEPH parameterization [13] enhances
the theoretical prediction only insignificantly by two per
cent.

To investigate the dependence of the isolated photon
cross section on the event kinematics, the ZEUS col-
laboration also measured differential distributions in ηγ ,
ET,γ and Q2. Comparing the shapes of these distribu-
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vored) large-angle radiation in the LL contribution. The
still substantial magnitude of the LL contribution can be
understood by the larger magnitude of the electric charge
of the lepton compared with the quark. As expected, the
QL contribution is very small. Finally, we observe that
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instead of the ALEPH parameterization [13] enhances
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Photoproduction  of prompt photons with accompanying jet 
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Usually photons are called prompt (direct) if coupling to interacting partons 

in contrast to photons from hadron decays or radiation from leptons 
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Measurements of the production of high transverse momentum direct photons by a 515 GeV/c π−

beam and 530 and 800 GeV/c proton beams in interactions with beryllium and hydrogen targets are
presented. The data span the kinematic ranges of 3.5 < pT < 12 GeV/c in transverse momentum and
1.5 units in rapidity. The inclusive direct-photon cross sections are compared with next-to-leading-
order perturbative QCD calculations and expectations based on a phenomenological parton-kT

model.

PACS numbers: 13.85.Qk, 12.38.Qk

I. INTRODUCTION

Inclusive single-particle production at large transverse
momentum (pT ) has been useful in the development of
perturbative quantum chromodynamics (PQCD) [1–4].
Quantitative comparisons with data have yielded infor-
mation on the validity of the PQCD description, and on
parton distribution functions of hadrons (PDF) and the
fragmentation functions of partons. This paper reports
precision measurements of the production of direct pho-
tons with large pT .

At leading order, only two processes contribute to the
direct-photon cross section, namely, qq̄ annihilation and

q

q
_

!

g

q

g

!

q

Annihilation Compton Scattering

FIG. 1: Leading-order diagrams for direct-photon production.

∗Deceased

quark–gluon Compton scattering (Fig. 1). The pho-
ton’s momentum reflects the collision kinematics since
such photons are produced at the elementary interaction
vertex. This contrasts with jet production, where the
hadronization process obscures the measurement of en-
ergy and direction of the outgoing parton. A complete
theoretical description of the direct-photon process is of
special importance as it has long been expected to facili-
tate the extraction of the gluon distribution of the proton.
The quark–gluon Compton scattering process shown in
Fig. 1 provides a major contribution to inclusive direct-
photon production. The gluon distribution is relatively
well constrained by deep-inelastic and Drell-Yan data for
momentum fractions x < 0.1, but less so at larger x [5].
Fixed-target direct-photon data were incorporated into
several previous global parton-distribution analyses [6–8]
to constrain the gluon distribution at large x, but more
recent global PDF analyses have not included such pho-
ton data; this point is revisited in the concluding section
of this work.

II. APPARATUS

A. Meson West spectrometer

Fermilab E706 is a fixed-target experiment designed
to measure the production of direct photons, neutral

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ < 0.85

0 − 2 0.216 ± 0.030± 0.015

2 − 4 0.117 ± 0.022± 0.011

4 − 6 0.124 ± 0.019± 0.011

6 − 8 0.0225 ± 0.0081± 0.0077

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ > 0.85

0 − 2 0.420 ± 0.033± 0.024

2 − 4 0.061 ± 0.017± 0.014

4 − 6 0.0054 ± 0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLOγ < 0.85 and xLOγ > 0.85with

5 < E
γ
T < 10GeV, −1 < ηγ < 0.9, E

j et
T > 4.5GeV and −1 < ηj et < 2.3with

√
s = 319GeV

and 0.2 < y < 0.7. The first error is statistical, the second systematic.
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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Prompt photon production in nuclear collisions

François Arleo

Université de Liège, Institut de Physique B5
Sart Tilman, B-4000 Liège 1, Belgium

We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.

The production of jets, or say large p
T

hadrons, appears to be a promising tool to study

the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
The spectacular attenuation of large p

T
π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.

A

A

...

A

A

Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.

NN

but in all reactions contributions of
 non perturbative fragmentation processes

examples of direct and resolved

photon interactions
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perpendicular to the jet direction in the transverse plane, for xLOγ < 0.85 and xLOγ > 0.85with

5 < E
γ
T < 10GeV, −1 < ηγ < 0.9, E

j et
T > 4.5GeV and −1 < ηj et < 2.3with

√
s = 319GeV

and 0.2 < y < 0.7. The first error is statistical, the second systematic.
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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Prompt photon production in nuclear collisions

François Arleo

Université de Liège, Institut de Physique B5
Sart Tilman, B-4000 Liège 1, Belgium

We discuss the energy loss effects on single prompt photon production in heavy-ion collisions
at RHIC and LHC energy. The production of correlated photon pairs at the LHC is also
considered.

1 Introduction

The production of “hard” probes proves extremely successful to characterize the dense QCD
medium – mostly its gluon density – formed in high energy heavy-ion collisions. By hard, we
mean those processes with associated scales Q much larger than the typical scales of the medium
(let it be the temperature of the saturation scale, Q ! T,Qs). Provided these scales are well
separated, it is sensible to study the effects of the latter on the former. Another feature which
makes such processes attractive is the validity of perturbative techniques as Q ! ΛQCD.

The production of jets, or say large p
T

hadrons, appears to be a promising tool to study

the parton energy loss due to the multiple gluon radiation induced by the dense medium 1.
The spectacular attenuation of large p

T
π0’s observed at RHIC 2 is a hint that such a mech-

anism may be at work in central Au-Au collisions at
√

s = 200 GeV. On the other hand, we
may want to study the Drell-Yan process – whose lepton pair does not interact with the sur-
rounding medium – which could reflect leading-twist shadowing (or possible gluon saturation)
in the nuclei wavefunctions.

In this talk, we shall mostly be concerned by prompt photon production a which lies “in
between” the two above-mentioned processes3. As a matter of fact, two channels may contribute
to photon production at leading-order in αs: either a photon takes part directly to the hard
subprocess (Figure 1, left), either it comes from the collinear fragmentation of the hard quark
or gluon (Figure 1, right). While the former will not be affected by the medium (“Drell-Yan
like”), the latter will certainly do (“jet like”). Here, we will first pay attention to the energy
loss effects on single photon and pion production. The production of correlated photon pairs at
the LHC is then addressed.

A

A

...

A

A

Figure 1: Two contributions to prompt photon production at leading-order: direct (left) and fragmentation (right)
component. The latter may be modified by the soft gluon emission induced by the medium.

aWe ignore thermal and decay photon production, and drop the word “prompt” in the following.

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ < 0.85

0 − 2 0.216 ± 0.030± 0.015

2 − 4 0.117 ± 0.022± 0.011

4 − 6 0.124 ± 0.019± 0.011

6 − 8 0.0225 ± 0.0081± 0.0077

p⊥ (GeV) 1/ σ dσ/ dp⊥(GeV−1), xLOγ > 0.85

0 − 2 0.420 ± 0.033± 0.024

2 − 4 0.061 ± 0.017± 0.014

4 − 6 0.0054 ± 0.0078± 0.0026

Table 3: Normalised cross sections differential in the prompt photon momentum component

perpendicular to the jet direction in the transverse plane, for xLOγ < 0.85 and xLOγ > 0.85with

5 < E
γ
T < 10GeV, −1 < ηγ < 0.9, E

j et
T > 4.5GeV and −1 < ηj et < 2.3with

√
s = 319GeV

and 0.2 < y < 0.7. The first error is statistical, the second systematic.
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Figure 1: Examples of leading order diagrams producing prompt photons. Direct photon inter-

actions a), b) and resolved photon interactions c),d).
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γ
hadrisolation Eγ > 0.9 EEγ > 0.9 Eγ−jet cone

Q2
< 1 GeV

2
< 1 GeV

2
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 prompt photon + jet data are compared with

kt -factorisation, LO,  A. Lipatov, N. Zotov (LZ)

  NLO pQCD , Fontannaz, Guillet, Heinrich (FGH)

Krawczyk, Zembrzuski (K&Z)

γ p : MRST01 (ZEUS), MRST02 (H1),      AFG02,  frag. BFG 

(equivalent, but no higher order for resolved photon graph)

p ,      , frag. :  as for FGH (H1), GRV (ZEUS)γ

unintegrated quark/gluon densities
following Kimber-Martin-Ryskin prescription

Generators           PYTHIA 6.3         HERWIG 6.5
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Conclusions

 Inclusive Hadron Distributions

distributions very similar in        DIS  and ep e
+
e
−

xp

reasonable description by MC models (HERWIG too hard)  

NLO calculation consistent with data, 
        but strong sensitivity to fragmentation functions

 Prompt Photons
 DIS  ep

good description by LO      calculation α
3inclusive :γ

γ + jet : still large uncertainties

 Photoproduction

γ + jet : good description by fixed order NLO
and by kt factorised LO approach 
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Backup
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earlier ZEUS data
show similar differences 
at large Q

(hep-ex/9903056)
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All shapes well described by MCCarsten Schmitz - University of Zurich, DIS2006 - Tsukuba 21/04/06 7
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Figure 11: The differential cross section dσ/dEγ
T for the prompt photon + jet production

calculated at −1 < ηγ < 0.9 and 0.2 < y < 0.7 with an additional jet requirement −1 <
ηjet < 2.3 and Ejet

T > 4.5 GeV. All histograms are the same as in Figure 4. The experimental
data are from H1 [4].

27

Prompt photon and jet compared with kt fact. approch (A. Lipatov, N. Zotov)
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Figure 12: The differential cross section dσ/dηγ for the prompt photon + jet production
calculated at 5 < Eγ

T < 10 GeV and 0.2 < y < 0.7 with an additional jet requirement
−1 < ηjet < 2.3 and Ejet

T > 4.5 GeV. All histograms are the same as in Figure 4. The
experimental data are from H1 [4].
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Figure 13: The differential cross section dσ/dEjet
T for the prompt photon + jet production

calculated at 5 < Eγ
T < 10 GeV and 0.2 < y < 0.7 with an additional jet requirement

−1 < ηjet < 2.3 and Ejet
T > 4.5 GeV. All histograms are the same as in Figure 4. The

experimental data are from H1 [4].
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Figure 14: The differential cross section dσ/dηjet for the prompt photon + jet production
calculated at 5 < Eγ

T < 10 GeV and 0.2 < y < 0.7 with an additional jet requirement
−1 < ηjet < 2.3 and Ejet

T > 4.5 GeV. All histograms are the same as in Figure 4. The
experimental data are from H1 [4].
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 and pseudorapidity distributions in      , HERA
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